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properties of fragments isolated from the anterior
wall of abdominal aortic aneurysms
José Augusto Tavares Monteiro, MD, PhD,a Erasmo Simão da Silva, PhD,a Madhavan L. Raghavan, PhD,b
Pedro Puech-Leão, PhD,a Maria de Lourdes Higuchi, PhD,a and José Pinhata Otoch, PhD,a São Paulo,
Brazil; and Iowa City, Iowa
Objective: To analyze biomechanical, histologic, and histochemical properties of anterior fragments of abdominal aortic an-
eurysms (AAA) and to correlate them with the maximum transverse diameter (MTD) and symptoms associated to the
aneurysms.
Methods: Fragments of the anterior aneurysm wall were obtained from 90 patients submitted to open repair of AAA of
degenerative etiology from2004 to2009 in theClinicsHospital of SãoPauloUniversityMedical School. Two specimenswere
produced from the fragments: one for histologic analysis for quantiﬁcation of collagen ﬁbers, elastic ﬁbers, smooth muscle
cells, and degree of inﬂammatory activity and the other for uniaxial tensile test to assess biomechanical failure properties of
the material, such as strength, tension, and stress. Cases were classiﬁed according to symptoms and to the AAA MTD.
Results: Fragments from AAA with MTD $ 5.5 cm showed higher values for biomechanical failure properties than those
of AAA with MTD < 5.5 cm (strength, 5.32 6 2.07 3 4.1 6 2.41 N; tension, 13.83 6 5.58 3 10.82 6 6.48 N/cm;
stress, 103.02 3 77.03 N/cm2; P < .05). No differences were observed between the groups in relation to failure strain
(0.416 0.123 0.376 0.14; P[ .260) and thickness of the fragments (1.58 6 0.413 1.536 0.42 mm; P[ .662). The
average values of ﬁber compositions of all the fragments were as follows: collagen ﬁbers, 44.34 6 0.48% and 61.85 6
10.14% (Masson trichrome staining and Picrosirius red staining, respectively); smooth muscle cells, 3.46 6 2.23%
(immunohistochemistry/alpha-actin); and elastic ﬁbers, less than 1% (traces) (Verhoeff-van Gieson staining). No
differences in ﬁber percentages (collagen, elastic, and smooth muscle) were observed in fragments from AAA with MTD
$5.5 cm and <5.5 cm, but more intense inﬂammatory activity was seen in larger AAA (grade 3; 70% 3 28.6%; P[ .011).
Compared with asymptomatic aneurysms, symptomatic aneurysms showed no differences in the biomechanical failure
properties (strength, 5.32 6 2.36 3 4.65 6 2.05 N; P[ .155; tension, 14.08 6 6.11 3 12.81 6 5.77 N/cm; P[ .154;
stress, 103.02 3 84.76 N/cm2; P [ .144), strain (0.38 6 0.12 3 0.41 6 0.13; P [ .287), thickness of the fragments
(1.56 6 0.41 3 1.57 6 0.41 mm; P [ .848), and histologic composition (collagen ﬁbers, 44.67 6 11.17 3 44.02 6
13.79%; P [ .808; smooth muscle ﬁbers, 2.52 3 2.35%; P [ .751; elastic ﬁbers, <1%)
Conclusions: Fragments of the anterior wall from larger aneurysms were more resistant than those from smaller AAA, with
no tissue properties that could explain this phenomenon in the histologic or histochemical analyses utilized. (J Vasc Surg
2014;59:1393-401.)
Clinical Relevance: The fragments of the anterior midsection from larger aneurysms were more resistant than those from
smaller abdominal aortic aneurysms, with no tissue properties that could explain this phenomenon in the histologic or
histochemical analyses. Larger aneurysms, at least in this place may be stronger than smaller aneurysms. It could point
toward regional differences (heterogeneity, localized pathologies) as an important player in aneurysm rupture. Uniaxial
strain tests are an important tool for the comprehension of a complex behavior such as that from an aneurysmal aortic
wall. However, these tests still have limitations in providing information that would allow the calculation of the risk of
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rupture for abdominal aortic aneurysm (AAA) is the
maximum transverse diameter (MTD),1-3 and surgical
repair is based on MTD greater than or equal to 5.5 cm.4-6
However, many AAA with MTD greater than 5.5 cm may
not rupture7-9 and 10% to 24% of ruptured AAA have
MTD of less than 5.5 cm.1,9,10 The risk of rupture may
not, therefore, be based on a single criterion.11
Aortic dilation, progression, and rupture are considered
a complex phenomena with important biomechanical
component,12-14 justifying the measurements and behavior
analysis of the biomechanical properties of the AAA wall as
a tool for estimating the risk of rupture of a particular aneu-
rysm.15 One possible approach is through testing of uniaxial
stretching of aortic wall fragments associated with the study
of the elements of structural composition of the tissue
because they play different roles in the maintenance of elas-
ticity, mechanical strength, and integrity of the wall.16-20
Studies using destructive uniaxial biomechanical tests
with fragments of AAA in humans are few, with variable
methodology, including analyzing fragments from cadavers
and surgical patients even as different regions of aneurysms
and elastic diagrams,with reduced sample, andwith different
conclusions (Table I).21-31 We proposed to resolve disputes
by studying a larger number of specimens/individuals using
specimens with less deterioration from individuals oper-
ated, standardizing the methodology of the tests, and
adding the histologic analysis, seeking to correlate it to
the biomechanical parameters found. Therefore, the
objective of the present study is to analyze the parame-
ters of biomechanical failure, thickness, as well as the
amount of smooth muscle, elastic and collagen ﬁbers,
and inﬂammatory inﬁltration of the anterior longitudinal
fragments of AAA removed from patients who under-
went open surgical repair and to correlate them with
the MTD and clinical manifestations of aneurysms.METHODS
Design and eligibility. The protocol of this prospec-
tive histologic and mechanical study was approved by the
Ethics Committee of Hospital das Clínicas, number 373/
04. Participants were all consecutive patients with AAA of
nonspeciﬁc, degenerative etiology, with indication for
open repair from January 2004 to August 2009. During
this period, 400 aneurysms were operated upon; however,
only two surgeons from the group were involved with the
study and 112 patients were initially selected. All subjects
or relatives gave their informed consent for this study and
the use of tissue specimens, together with the documenta-
tion for hospitalization and surgical procedures.
The diameters of aneurysms were determined by
computed tomography. The computed tomography app-
aratus was next to the emergency room, allowing patient
examination without prejudice to the patient; there was
no delay to the treatment. The presence of diabetes, hyper-
tension, dyslipidemia, and coronary artery disease was made
based on the previous history of the individual.Asymptomatic and symptomatic AAA (ie, abdominal
pain, lumbar pain, pain during palpation of the AAA) and
patients with ruptured AAA undergoing emergency
surgery were included in the study. Any patient with
pain unrelated to the dilation was considered asymptom-
atic, as were those who through image analysis, inventory
cavity, and postoperative evolution were identiﬁed as
having other causes of pain.
Patients were not included in the study if the cause of
AAA was not degenerative or if they had thoracic or
thoracoabdominal aneurysms. They were excluded if the
aneurysm was visually identiﬁed during surgery as inﬂam-
matory. For safety, we included as criteria for exclusion
(1) bleeding or clinical instability during surgery; and (2)
presence of any aneurysm feature that would prevent the
collection of tissue samples suitable for the histologic and
mechanical studies (eg, if the aneurysm was not large
enough and the prosthesis could not be covered by the
remaining aortic wall). There was no need to exclude
patients from the study because of the causes stated above.
All patients were operated in two hospital units of the same
university campus (Instituto Central and Instituto do Cor-
ação, HCFMUSP) and by the same surgical team using the
same prosthesis type (Dacron-knitted).
Specimens. At the end of the surgery, a tissue fragment
was removed from the remaining anterior wall of the AAA,
the only possibility to be addressed without prejudice to
the surgical technique dedicated to open AAA. This tissue
fragment was removed so that its larger dimension would
coincide with the greater axis of the vessel, longitudinally
(Fig 1). The removed fragment was immediately immersed
in saline and transferred to the Biomechanical Laboratory
(Surgery Department), where it was preserved at 4C. Each
fragment was analyzed up to 48 hours after collection.
From each tissue fragment collected during surgery,
prior to histologic and biomechanical analysis, elements
were removed outside the aneurysmal wall itself as mural
thrombus, atheroma plaques, and retroperitoneal fat,
through dissection of the aortic tissue. After that, two spec-
imens were produced using a device designed speciﬁcally for
this study composed of two parallel blades, each with an
extension of 40 mm and a width of 5 mm. One was sent
immediately to biomechanical test and the other was pack-
aged immediately in a 5% buffered formalin and later
embedded in parafﬁn for the histologic study (in the
Pathology Laboratory in Instituto do Coração) identiﬁed
with the same casenumber.We initially performed thebiome-
chanical tests (until 2009). One of the authors was trained to
read the slides. The author was blinded to the clinical charac-
teristics, anatomic, and biomechanical study on the fragment.
Mechanical test. One of the two aortic specimens of
each patient was used in the mechanical test. An Instron
In-Spec 2200 Benchtop Tester (Instron Corporation,
Norwood, Mass) device with custom fabricated specimen
bath and custom soft tissue grips was used (Fig 2, online
only). Each specimen strip was clamped in the tissue grip
attached to the crossheads of the test device. The length
(L0), the width (W0), and the thickness (T0) of the
Table I. Studies on the uniaxial tension of the wall of AAA
First author No. Methods Failure stress Failure strain Stiffness
He and Roach22 8 (3 from surgery
5 from autopsies)
Uniaxial tensile test;
histologic analysis
- - \
Curve shifted to the left;
slope was greater
Raghavan et al23 45 Uniaxial tensile test 86 N/cm2
Z
- -
Thubrikar et al24 5 from surgeries Uniaxial tensile test Range, 38-73 N/cm2 Range,
0.32-0.58
The longitudinal
direction and posterior
region were less stiff
Vorp et al25 7 from surgeries Uniaxial tensile test ILT, 138 N/cm2; no ILT,
216 N/cm2
- Wall weakening near
the thick
ILT
Raghavan et al26 4 from autopsies Uniaxial tensile test 126 N/cm2 (14 N/cm) - -
Di Martino et al27 25 from surgeries Uniaxial tensile test Ruptured, 54 N/cm2
Elective, 82 N/cm2
0.5 Less stiff AAA are weaker
and prone to rupture
Vande Geest et al28 34 from surgeries Uniaxial tensile test 87 N/cm2
67 N/cm2
- -
Vande Geest et al15 38 from surgeries Uniaxial tensile test 80 N/cm2 - -
Xiong et al29 14 from surgeries Uniaxial tensile test 93 N/cm2 0.32 \
Raghavan et al30 11 from autopsies Uniaxial tensile test
Histology
AAA ruptured, 95
N/cm2 (11.2 N/cm)
AAA unruptured, 98
N/cm2 (11.6 N/cm)
0.39
Reeps et al31 50 from surgeries Uniaxial tensile test 106.3 N/cm2
(15.23 N/cm)
Present study 90 from surgeries Uniaxial tensile test 103.14 N/cm2
(13.18 N/cm)
0.39
AAA, Abdominal aortic aneurysm; ILT, intraluminal thrombus.
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device and recorded for this study. The zero length was
attained by placing a negligible preload on the specimen
(0.01 N). Width and thickness were measured at three
sites and averaged, and the arithmetic average of these
considered the value of the specimen.
Subsequently, the specimen bath was ﬁlled with saline
at room temperature. Mechanical extension tests were per-
formed under immersion in saline to maintain the moisture
of the tissue (Fig 3, online only).
Preconditioning was performed by loading and un-
loading the specimen to 5% of its length at 20% of
specimen length/min aiming to promote the recruitment
of ﬁbers and reduce the hysteresis of the material. After
preconditioning, the tissue strip was uniaxially extended
also at 20% of specimen length/min until failure, while
recording the force and extension at an acquisition rate
of 1 Hz. The location of specimen failure with respect
to the clamps was recorded to identify and discard
specimens that failed too close to the clamp (within
2 mm) as this may have been because of tissue damage
or slip during clamping.
The traction device works under thrust from the water
and as it unfolds during the biomechanical test and rises
from the water; it, therefore, suffers less thrust (Fig 4, online
only). Consequently, it was necessary to correct this inﬂu-
ence by ﬁlling saline to the same level and subtracting the
force extension data recorded without the specimen from
the data for tests with each specimen. The correction factor
for thrust was added to a calculation spreadsheet and used toproduce the ﬁnal results considering the elastic diagram data
(the set of points that correlate the specimen deformation
with the strength applied to it during the biomechanical
test). This protocol was ﬁrst described by Raghavan et al
in 1996.23
A specimen may be tested only once in the case of
destructive uniaxial tensile testing.
Only one researcher (J.M.) performed all mechanical
tests.
Mechanical test calculations. The force extension
data from the mechanical testing were used to determine
the peak load (Ff) and extension at peak load (Lf  L0).
The failure properties calculated were failure strain, failure
tension, and failure stress, as follows.26
Failure strain (extension at peak load as a fraction of
original length):
Df ¼

Lf  L0

L0
Failure tension (peak load per unit width of specimen
strip):
Ff

Wf ¼Ff

W0
 ﬃﬃﬃ
1
p
þDf

Failure stress (peak load per unit cross-sectional area of
specimen strip):
Ef ¼ Ff

Af ¼ Ff

W0 T0

1 þ Df

Fig 1. A, Aneurysmal wall remaining postinterposition of synthetic prosthesis. B, Removal of the fragment with the
largest possible dimensions, being the greatest dimension coincident with the longitudinal axis of the aorta.
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the thickness of the specimen strip between the clamps at
zero load. The Ef term in the above equations account
for the reduction in cross-sectional area in case of stress cal-
culations and reduction of width for tension calculations.
Histologic analysis. The second specimen from the
same patient, contiguous from the ﬁrst, was used for histo-
logic analysis in the Pathology Laboratory of Instituto do
Coração Hospital. It was preserved in formaldehyde,
parafﬁn-embedded, and cut in 5-mm slices. The slides were
prepared, always by the same laboratory technician, for
analysis of the inﬂammatory activity and count of collagen,
elastic, and smooth muscle ﬁber, stained with hematoxylin
and eosin, Masson trichrome, Picrosirius, Verhoeff-van
Gieson, and for immunohistochemistry using smooth muscle
actin antibody (M0851; Dako Cytomation, Glostrup,
Denmark) and brown diaminobenzidine chromogen. The
same biologist/laboratory technician read all immunohis-
tochemistry slides.
The slides, with different dyes corresponding to one
specimen, were marked with a line in three identical
adjoining sites, transversally, through superposition. Next,
the reading of each slide was performed in the ﬁeld
obtained with optical magniﬁcation ﬁve times to the left
of the previously marked locations. Hematoxylin and eosin
staining allowed inﬂammation intensity evaluation; the
semiquantitative analysis considered 0 points for inﬂamma-
tion absence, 1 point for mild (small foci with few and scat-
tered cells), 2 points for moderate (less foci and number of
cells), or 3 intense (big foci or numerous scattered
cells). One biologist made all inﬂammatory activity analyses.
The image obtained by microscopy was captured by a
3CCD video camera Donpisha (model XC 003; Sony,
Tokyo, Japan), coupled to the microscope, and transmitted
to the computer with the program Image Analysis System
from Leica (Quantimet-500; Leica Microsystems, Wetzlar,
Germany). The percentage of the elements under study on
the slide with their staining was obtained by manual demar-
cation of the element of interest and quantiﬁed by the soft-
ware. The result for each element corresponds to the
arithmetic mean of the percentagemeasured in each of three
adjacent ﬁelds (by the same researcher, J. M. for all cases).
Statistical analysis. Categorical variables are presented
in tables with absolute (n) and relative (%) frequencies. Theassociation between them was evaluated with the c2, Fisher
exact, or with the likelihood ratio tests. Quantitative vari-
ables were presented descriptively in tables containing
means, standard deviations, or medians, and ﬁrst and third
quartiles. The means of parametric variables were evaluated
with the Student t-test or with analysis of variance. When
signiﬁcant, we used the Tukey test to discriminate differ-
ences. The distributions of nonparametric variables were
assessed with the Mann-Whitney or Kruskal-Wallis analysis.
When these were signiﬁcant, we used the Dunn test to
discriminate differences. P values of <.05 were considered
statistically signiﬁcant.32 The hypothesis checked was that
the existence of differences in resistance and/or in compo-
sition among fragments from aneurysms larger or equal to
or smaller than 5.5 cm and between symptomatic and
asymptomatic aneurysms.
RESULTS
During the study period, 112 patients operated with
AAA in our service were included. However, ﬁve AAA
were inﬂammatory and were excluded during surgery.
Specimens collected from the remaining 107, allowing
prosthesis implantation and adequate coverage, were
considered. During mechanical tests, 17 cases were further
excluded because specimens slipped or ruptured close to
the device clamps (up to 2 mm far from the clamps).
Therefore, this study was completed with 90 cases.
Among the 90 patients, 66 (73.3%) were men, 74
(82.2%) had hypertension, 38 (42.2%) had dyslipidemia,
7 (7.77%) had diabetes, and 78 (86.66%) were active or
exsmokers.
Aneurysms were 3.5-12 cm in diameter (mean: 6.54 6
1.66 cm), and 45 patients (50%) were asymptomatic. Among
the 45 patients with symptoms, 10 aneurysms were ruptured.
Aneurysms were divided into two groups, those with
a MTD smaller than 5.5 cm and those with a MTD equal
to or greater than 5.5 cm, and the association between the
size category and demographic or clinical characteristics of
the patients was searched. Only age was signiﬁcantly asso-
ciated with MTD: individuals with smaller aneurysms
were signiﬁcantly younger (P ¼ .049). Sex and prevalence
of diabetes, hypertension, coronary artery disease, dyslipi-
demia, tobacco use, and family antecedents for AAA were
not different.
Table II. Physical and biomechanical measurements and histologic and histochemical properties (mean 6 standard
deviation) according to the MTD of AAA
Variable MTD < 5.5 cm (n ¼ 25) MTD $ 5.5 cm (n ¼ 65) P
Thickness, mm 1.53 6 0.42 1.58 6 0.41 .662a
Mean diameter, cm 4.89 6 0.53 7.28 6 1.45 -
Failure load, N 4.1 6 2.41 5.32 6 2.07 .019a
Failure strain 0.37 6 0.14 0.41 6 0.12 .260a
Failure stress, N/cm2 77.03 (53.32-111.71) 103.02 (75.70-144.42) .027b
Failure tension, N/cm 10.82 6 6.48 13.83 6 5.58 .020a
Collagen area % (Masson) 45.32 6 13.73 43.97 6 12.06 .648a
Collagen area % (Picrosirius) 62 (56-70.5) 61 (56-67) .350b
% Alpha actin/vessel 3.17 (1.08-6.22) 1.99 (1.48-4.22) .361b
% Alpha actin/adventitia 3.04 (2.49-4.22) 2.74 (1.47-4.2) .322b
Elastin area % (Verhoeff-van Gieson)c <1 <1
AAA, Abdominal aortic aneurysm; MTD, maximum transverse diameter.
ac2 test.
bMann-Whitney test.
cLess than 1% were considered trace elements.
Table III. Physical and biomechanical measurements and histologic and histochemical properties (mean 6 standard
deviation) according to the presence of symptoms in patients with AAA
Variable Asymptomatic (n ¼ 45) Ruptured and symptomatic (n ¼ 45) P
Mean diameter, cm 6.09 (5.30-6.75) 7.15 (5.70-8.60) .009a
Thickness, mm 1.57 6 0.41 1.56 6 0.41 .848b
Failure load, N 4.65 6 2.05 5.32 6 2.36 .155b
Failure strain 0.41 6 0.13 0.38 6 0.12 .287b
Failure stress, N/cm2 84.76 (64.08-121.05) 103.02 (75.63-147.99) .144b
Failure tension, N/cm 12.81 6 5.77 14.08 6 6.11 .154b
Collagen area % (Masson) 44.02 6 13.79 44.67 6 11.17 .808b
Collagen area % (Picrosirius) 62.00 (56.00-69.50) 60.00 (55.00-65.50) .120a
% Alpha actin/vessel 2.35 (1.52-5.86) 2.52 (1.14-5.91) .751a
% Alpha actin/adventitia 2.81 (1.54-3.50) 3.10 (2.18-5.77) .169a
Elastin area % (Verhoeff-van Gieson)c <1 <1
AAA, Abdominal aortic aneurysm
aMann-Whitney test.
bStudent t-test.
cLess than 1% were considered trace elements.
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fragments were compared between larger and smaller
aneurysms, and, as shown in Table I, the mean values of
failure load, failure stress, and failure tension were signiﬁ-
cantly higher for larger AAA specimens. No differences
were found comparing larger and smaller aneurysms
regarding thickness or failure strain. Table II shows also
the results from the histologic and histochemical analyses,
but again no signiﬁcant differences were found between
larger and smaller aneurysms.
The same demographic and clinical variables were
investigated in relation to symptoms. The only clinical vari-
able signiﬁcantly associated with asymptomatic aneurysms
was dyslipidemia (P < .001). Sex, age, and prevalence of
other clinical variables were not different.
The mean diameter of aneurysms was signiﬁcantly
larger among patients with symptoms or ruptured AAA,
as shown in Table III. No other signiﬁcant difference
was found in histologic, histochemical, or biomechanicalvariables comparing symptomatic or asymptomatic
patients. In search for a discriminative variable, another
analysis was made joining symptoms and AAA diameter,
as described in Table IV. Considering specimens of
smaller aneurysms from asymptomatic patients, specimen
resistance was signiﬁcantly lower, as shown by the failure
load and failure tension variables. However, again, no
histochemical feature could discriminate the lesions.
Only inﬂammatory activity was shown to be higher in
AAA with a larger diameter (category 3 of inﬂammatory
activity MTD < 5.5 cm 28.6%  MTD > 5.5 cm 70%;
P ¼ .011) but with no differences regarding the presence
of symptoms.
DISCUSSION
The present study analyzed fragments of the anterior
wall of AAA removed during corrective open surgery and
is the largest case series, according to our knowledge22-31
of destructive uniaxial biomechanical tests analyzed by
Table IV. Physical and biomechanical measurements and histologic and histochemical properties (mean 6 standard
deviation) according to the presence of symptoms in patients with AAA and the MTD of aneurysms
Variable
Asymptomatic
MTD < 5.5 cm
(n ¼ 15)
Symptomatic
MTD < 5.5 cm
(n ¼ 10)
Asymptomatic
MTD > 5.5 cm
(n ¼ 30)
Symptomatic
MTD > 5.5 cm
(n ¼ 35) P
Mean diameter, cm 5.21 6 0.56 4.84 6 0.50 6.67 6 0.86 7.68 6 1.51
Thickness, mm 1.39 6 0.3 1.75 6 0.49 1.66 6 0.44 1.5 6 0.37 .056a
Failure load, N 3.43 6 1.9 5.09 6 2.83 5.25 6 1.88 5.38 6 2.26 .029a,b
Failure strain 0.37 6 0.13 0.37 6 0.16 0.43 6 0.13 0.39 6 0.1 .354a
Failure stress, N/cm2 77.03 (34.82-102.77) 85.90 (57.05-129.13) 90.06 (70.38-130.99) 104.69 (82.58-151.89) .097a,c
Failure tension, N/cm 9.15 6 4.90 13.34 6 7.94 13.84 6 5.59 14.29 6 5.60 .036a,d
Collagen area % (Masson) 43.87 6 15.09 47.5 6 11.82 44.1 6 13.36 43.86 6 11.02 .871a
Collagen area % (Picrosirius) 62.00 (61.00-67.00) 56.00 (53.00-74.00) 61.00 (55.25-73.75) 60.00 (56.00-65.00) .367a
% Alpha actin/vessel 4.92 (1.32-6.22) 2.77 (1.00-7.50) 2.02 (1.50-3.17) 1.74 (1.27-5.91) .702a
% Alpha actin/adventitia 3.16 (2.23-3.55) 2.97 (2.44-7.56) 2.16 (1.46-3.06) 3.68 (1.64-5.55) .306a
Elastin area % (Verhoeff-van
Gieson)e
<1 <1 <1 <1
AAA, Abdominal aortic aneurysm; MTD, maximum transverse diameter.
aKruskal-Wallis test.
bSpecimens from asymptomatic patients with AAA smaller than 5.5 cm had signiﬁcantly lower values than asymptomatic patients with greater lesions and
symptomatic patients with greater lesions.
cSpecimens from asymptomatic patients with AAA smaller than 5.5 cm had signiﬁcantly lower values than symptomatic patients with greater lesions.
dSpecimens from asymptomatic patients with AAA smaller than 5.5 cm had signiﬁcantly lower values than symptomatic patients with greater lesions.
eLess than 1% were considered trace elements.
Table V. Table comparing values found in this study for
anatomic, biomechanical, and histologic parameters for
fragments of the anterior wall of AAA and values obtained
in other studies conducted by the same group for
fragments of the anterior wall of corpses and AAA and
ANA from autopsy
AAA
surgery
(n ¼ 90)
AAA
autopsy
(n ¼ 13)
ANA
autopsy
(n ¼ 26)
Age 69 74 62
Diameter, cm 6.62 5.25
Thickness, mm 1.57 1.60 1.42
Failure strain 0.39 0.38 0.47
Failure stress, N/cm2 103.1 96.8 137.2
Failure tension, N/cm 13.1 11.4 14.7
Collagen % Masson 44.37/61.91 55.2 49.3
Elastin % Verhoeff <1 4.6 17.1
Smooth muscle ﬁbers % 4.9 7.2 30.2
AAA, Abdominal aortic aneurysm; ANA, normal aorta.
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obtained from 90 cases were considered appropriate
for all evaluations. The use of methods consecrated by
Raghavan23 in 1996 and the correlation of these results
with those of a previous study conducted by the same
group, give consistency to the ﬁndings (Table V).33,34
For a better comprehension of our line of reasoning, we
chose four different cases in our sample, notwithstanding
isolated patients, to reﬂect the behavior of the groups to
which they belong (from larger and smaller AAA, symptom-
atic or asymptomatic) and also chose one tissue sample from
a normal cadaveric abdominal aorta (without aneurysm)
from another study in progress conducted by the same
group in accordance with values reported for biomechanical
properties of nonaneurysmal aorta in a previous study
involving 26 individual cadavers (Table V).34 We used the
same methodology to study normal cadaveric aortas and
aneurysmal segments of surgical patients. The specimen
relative to normal aorta was obtained from a cadaver
because it would not be possible to obtain it from patients
undergoing surgery, unlike the specimens regarding
aneurysmal aorta. With these, we included Fig 5 with the
respective elastics diagrams.
As shown in Fig 5 and Table IV, as we moved from the
group of small and asymptomatic aneurysms to the group of
large and symptomatic aneurysms, we observed an increase
in the maximum failure strength and failure tension of frag-
ments associated with similar values of failure strain charac-
terizing greater stiffness. As they increased in diameter,
corresponding specimens were stiffer and more resistant;
possibly as the aneurysm grows, the wall adapts, giving the
tissue conditions to withstand larger loads. In this study, it
seems that the MTD was more of a determinant of the
biomechanical characteristics of the AAA than the patients’symptoms. Although behaviors were distinct from each
other, specimen from AAA showed similar behavior
compared with the specimen from the normal aorta: lower
failure strain, lower resistance, and greater stiffness.
These behaviors can be explained, at least in part, by
our ﬁndings on histologic analysis. We observed also that
the percent of elastic and smooth muscle ﬁbers were both
very reduced: less than 1% and around 2.5%, respectively,
in small and large aneurysms. This could be explained by
the fact that degradation of elastic and smooth muscle
ﬁbers happen very early in the course of aneurysmatic
disease, with the steepest decline in the ﬁrst stages.20
After the ﬁrst aneurysmatic dilatation, structural or
conformational change of the wall would inﬂuence the
Fig 5. Elastic diagram of individual specimens of abdominal aortic aneurysms (AAA) obtained in vivo and normal aorta
from a cadaver: load (N) in the vertical axis and distension (mm) in the horizontal axis. The purple, green, yellow, and
red lines are from specimens from larger or smaller individual AAA used in this study from asymptomatic (AST) or
symptomatic (ST) patients. The blue line shows data from the same biomechanical test with tissue from normal, not
aneurysmatic aorta from a cadaver.
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and circumferential stress,35 leading to progressive expan-
sion and loss of integrity36,37; remodeling would be an
important physiological response to these changes.35
In aneurysms of different sizes, an enlargement of the
arterial wall volume (ie, an increase in the diameter and
surface with preservation of the thickness) and preservation
of the percent of collagen ﬁbers reveal an increase in the
absolute mass of collagen, supporting the thought that the
expansion of the AAA is followed by the wall remodeling.
The concurrent increase in the arterial wall volume, mainte-
nance of collagen ﬁbers percent, and reduction in the elastic
and smooth muscle ﬁbers in AAA compared with normal tis-
sue inspires the hypothesis that other cellular components
(not studied here), such as the extracellular amorphous ma-
trix, the quality of reposition material, and the ﬁnal struc-
ture, should inﬂuence the function of the tissue.
Fig 5 shows the behavior of the asymptomatic and
small aneurysm (red line), which already has a reduced
count of elastic and smooth muscle ﬁbers and a reduced
thickness of the wall, reﬂecting lower degree of remodeling
and, consequently, less resistance to force and distension.
This is consistent with the idea of elasticity loss as an early
event after the ﬁrst aneurysmatic dilatation. The small,
symptomatic AAA (green line in the Fig 5) can be exposed
to more stimuli, inﬂuencing remodeling and thickness
growth earlier at the presence of symptoms.
Cellular inﬁltrate count in AAA wall evidenced that
larger aneurysms had an increased inﬂammatory activity
in this study.However, even using a larger sample, this studycould not ﬁnd a statistically signiﬁcant association between
inﬂammatory activity and the presence of symptoms,
although there were a larger percentage of asymptomatic
cases in category 3 of inﬂammation. Possibly, inﬂammation
is not a marker for AAA rupture, but a stimulus to wall
remodeling. Certain types of cells composing the AAA
wall would be more or less responsive to mechanical stimuli,
changing the composition of the wall tissue,38 and this could
also happen regarding inﬂammatory activity, as a marker of
reinforcement and not deterioration of the wall.
The fact that larger aneurysms are more likely to
rupture, as shown in other studies,1-3 does not mean that
they have fragile walls compared with aneurysms with
smaller diameter. The remodeling response has been
shown to be heterogeneous even in studies by the same
research team,26,30 with wide intervals for the biomechan-
ical variables in different sites of the same aneurysms and in
different aneurysms.
Besides, the rupture event is one that arises from the
interaction of two components: wall strength and the stress
generated on it by external elements. An aneurysm of
greater diameter, that theoretically shows a more resistant
wall, could be exposed to more intense stress.11,39 Aneu-
rysms with less resistant walls can be exposed to forces
and stresses smaller and are, thus, less prone to breakage.
One limitation of the present study is the use of frag-
ments just from the anterior wall of AAA. Tissue remodel-
ing is a heterogeneous process, with different regions of the
same aneurysm showing different resistances40 in a manner
that biomechanical data from one wall facet and
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tools for rupture risk calculation. However, in study with
operated patients, the use of posterior, lateral, and anterior
faces of the wall is not possible, once we must close the
remaining aortic wall over the prosthesis to obtain proper
treatment.15 However, the site for specimen collection
was standardized in this study for all cases.9,27 Additionally,
the identiﬁcation of the site of rupture because of the
hematoma and the need for rapid intervention did not
allow dissection to locate this new site. This fact would
require a longer intervention in a critical patient. The
removal of the anterior fragment takes a short time.
Another limitation to consider is the use of uniaxial me-
chanical test; in vivo, the aneurysmatic wall is submitted to
multiaxial loads, which lead to different stress situations.9,41,42
It is necessary to consider the complexity of the AAA
wall. We are still searching for mathematical models to
predict the biomechanical behavior of AAA. We have to
feed the models with stress and distension test data to deter-
mine which uniaxial tests are viable as a standardized tool. In
line with this, our study is the largest essay on the biome-
chanical and histologic properties of tissue from aneurysms
collected in vivo, and we believe it helps to understand
more of the physiology of such a complex structure as that
of the AAA.
CONCLUSIONS
The fragments of the anterior midsection from larger
aneurysms were more resistant to rupture than those
from smaller AAA, with no tissue properties that could
explain this phenomenon in the histologic or histochemical
analyses. Larger aneurysms, at least in this anterior wall,
may be stronger than smaller aneuryms. It could point
toward regional differences (heterogeneity, localized
pathologies) as an important player in aneurysm rupture.
Uniaxial strain tests are an important tool for the compre-
hension of a complex behavior such as that from an aneu-
rysmal aortic wall. However, these tests still have
limitations in providing information that would allow the
calculation of the risk of rupture of AAA.
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Fig 2 (online only). A, Traction device Instron 2200 associated with Palm Top with Inspec software for control
movements of the traction device. B, Laptop with Series IX software for data management.
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1401.e1 Tavares Monteiro et al May 2014Fig 3 (online only). Performing the test over immersion to
preserve the moisture conditions.
Fig 4 (online only). As occurred the motion of head traction, it emerges from the tub, thus reducing the volume of
liquid displaced by it and consequently reducing the thrust that acted on it.
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